, where the amino ments per subunit and is found in the simple pore acid residues on the transmembrane surface presumchannels, like the prokaryotic KcsA K ϩ channel and the inward rectifier K ϩ channels. The three-dimensional ably interact with lipid molecules in the membrane structure of the KcsA K ϩ channel has been solved by (Doyle et al., 1998). In contrast, at least some of the X-ray diffraction, showing that the two transmembrane outer surface residues in the pore domain of the voltagesegments are ␣ helices with the linker between them gated K ϩ channels have adapted to form a proteinforming a short pore helix and selectivity filter (Doyle et protein interface with the four voltage-sensing domains. al., 1998).
in KcsA. For example, E395 in Shaker is conserved in shell, leaving gaps between adjacent voltage-sensing domains, where membrane lipids might interact directly all the voltage-gated K ϩ channels yet corresponds to A28 in KcsA (Figure 1 ). It is unlikely that E395 interacts with the shell of the pore domain. If the protein-protein interface between voltage-sensing and pore domains directly with lipid, yet the crystal structure of KcsA shows that A28 faces into the lipid membrane. Three participates in transducing conformational changes in the voltage sensors to gating of the pore, then mutations other residues in KcsA (T101, V106, and W113) are very different from the corresponding residues in voltageat this interface should have profound effects on channel gating. In contrast, if some residues retain an interaction gated K ϩ channels (Shaker residues L468, P473, and N480) and are conserved among the voltage-gated K ϩ with the lipid membrane, they should be much less sensitive to mutation as long as the mutant amino acid is channels. Interestingly, all of these residues lie in the groove between adjacent pore domain subunits ( Mutations to tryptophan, which typithe pore domain has evolved to interface with the four voltage-sensing domains. One possibility is that the four cally produce large changes in side chain volume, are likely to disrupt protein-protein interactions but have voltage-sensing domains might completely envelop the pore domain, effectively insulating the pore domain from little or no effect on protein-lipid interactions because tryptophan is hydrophobic. We mutated residues in S5 the lipid membrane. An alternative, and perhaps more realistic, possibility is that the voltage-sensing domains through S6 of the Shaker voltage-gated K ϩ channel that correspond to presumed lipid-exposed residues in the interact with only discrete regions of the pore domain KcsA K ϩ channel structure. The perturbation in gating energetics produced by each mutant was determined and the results mapped onto the structure of the KcsA K ϩ channel. The emerging patterns are consistent with the presence of protein-lipid interfaces on the shell of the pore domain and imply that the voltage-sensing domains interact with the pore domain near the interface between pore domain subunits.
Results

Perturbations in Gating Properties by Mutation of Residues in the Shell of the Pore Domain
We began by identifying residues in the KcsA structure whose side chains project out from the protein within the presumed membrane-spanning regions of the channel. These 37 residues presumably interact with membrane lipids, so it is not surprising that most contain hydrophobic side chains. From an alignment between the transmembrane part of KcsA (TM1-TM2) and the pore domain of the Shaker K ϩ channel (S5-S6), we identified 37 residues in Shaker that correspond to the 37 lipid-exposed residues in KcsA (Figure 1 , yellow highlighted residues). Of these residues, 31 were then mutated to tryptophan, while the 6 native phenylalanine and tryptophan residues were mutated to alanine. Wild-type and mutant Shaker K ϩ channels were expressed in Xenopus oocytes and their gating properties examined using voltageclamp techniques. Remarkably, 31 out of 37 mutations resulted in channels that could be functionally expressed. Of the expressing mutants, 30 were voltage gated, existing in closed states at negative voltages and of these mutants were relatively normal. In contrast, a larger number of mutants displayed gating behavior that was clearly distinguishable from the wild-type channel. displayed large gating currents. Figure 4A shows gating currents recorded from an oocyte expressing P473W. at negative voltages and thus were unusual in that the and E395W. The relation for E395W is from the same oocytes as two types of currents were comparable in amplitude in (C), and the relation for wild type is from the same oocyte as in (A) and (B). Tail currents were measured 3 ms after repolarization to ϩ30 mV. Smooth curve for E395W is a Boltzmann fit to the data with V 50 ϭ ϩ212 mV, z ϭ 0.52. In uninjected oocytes endogenous fore, tail currents elicited by repolarization to ϩ30 mV are relatively currents are typically observed at these positive voltages. The protofree of endogenous currents. Also, only oocytes expressing E395W col used above was designed to minimize contamination by endogeto relatively large levels (tail currents ‫3-2ف‬ A) were used. We connous currents as follows. The endogenous currents activate rather firmed that the channels activated by large depolarizations in ooslowly ( ≈ several hundred milliseconds), so only short duration test cytes injected with E395W cRNA were blocked with AgTx 2 , a porepulses (15 ms) were used to study E395W. The endogenous currents blocking toxin that inhibits the Shaker K ϩ channel (Garcia et al., activated by large depolarizations reverse near ϩ30 mV, and there-1994) but has no effect on the endogenous currents. . We were therefore concerned that the energetic perturbations might reflect how drastic (or modest) the side chain volume was altered rather than whether specific residues were involved in protein-protein or protein-lipid interfaces. To account for this potential bias, we weighted the perturbation energies by the change in volume (⌬⌬G o w ) and then compared the patterns observed using both weighted ). We defined residues in this group as having a major impact on gating similar to those of control channels, suggesting that the perturbations observed for these two mutants are not and assigned a color of red. P473W, the nonconducting mutant with an altered Q-V relations, was assigned a the result of altered interactions with the voltage-sensing domains. We therefore assigned a dark blue color color of orange, and the nonexpressing mutants were peating pattern is observed, reflecting the fact that the structure of KcsA has approximate 4-fold symmetry contacts a given residue once.) This approach shows that there is a cluster of major impact residues, con-(Doyle et al., 1998). The relevant part of the pattern is that large peaks in free energy change are observed for taining no intercalating minor impact residues, roughly centered in the region near the interface between adjasections in the major impact cluster, and minima are observed for sections centered on the minor impact cent pore domain subunits. Five out of six nonexpressing mutant channels are located within the cluster of cluster (Figure 7) . A similar pattern was observed when the analysis was performed using free energy values major impact residues defined by |⌬⌬G o w | ( Figure 6B ). It is interesting that the clusters of minor and major (⌬⌬G o ) that were not weighted by volume change ( Figure  7 ). This analysis shows that the simple pattern that is impact residues lie at an angle (‫04ف‬Њ) that is steeper than that of the interface between adjacent pore domain observed with the binary categorization method can withstand the elimination of arbitrary numerical cutoffs subunits (‫02ف‬Њ). The steeper angle means that the extracellular part of this major impact cluster lies to one side between minor and major impact categories. To more closely examine the cluster of major impact of the subunit interface, while the central part of the cluster is centered at the interface. Since the cluster of residues, we subdivided these residues into those causing relative stabilization of the open (negative ⌬⌬G o ) or minor impact residues does not extend completely to the cytoplasmic end of the pore, a major impact cluster closed (positive ⌬⌬G o ) states of the channel (Figure 8 ). It is clear that the major impact residues are not distribcannot be defined in this region.
To quantitatively evaluate the apparent pattern obuted randomly with respect to polarity of ⌬⌬G o but cluster into one of three patches. Residues with negative served with the binary categorization of residues described above, we sectioned the KcsA structure at an ⌬⌬G o values cluster together in the middle of the groove between adjacent pore domain subunits. The mutations angle (43Њ relative to the central pore axis) corresponding to the stripes of minor and major impact residues giving positive values of ⌬⌬G o lie in two groups, one at the internal side of the pore domain shell and one at the (Figure 7) . We then calculated mean |⌬⌬G o w | for all residues with ␣ carbons within each section, counting each external side.
( Figure 9 ). The other pattern is that the separation of adjacent major impact clusters by a minor impact cluster does not continue through the full thickness of the membrane. The intracellular portion of the pore domain contains a continual ring of major impact residues encompassing the entire circumference of the molecule (Figure 9 ).
Discussion
Our objective was to examine the possibility that some regions of the transmembrane shell in the pore domain in voltage-gated K ϩ channels interface with membrane lipids, while other regions interface with the four surrounding voltage-sensing domains. We used tryptophan-scanning mutagenesis to distinguish between protein-protein and protein-lipid interfaces. We began by using the structure of KcsA to identify residues in the pore domain of Shaker that project out away from the central axis and end by mapping the gating perturbations in Shaker onto the structure of KcsA. Thus, a very basic premise of this approach is that the structures of KcsA and the pore domain of Shaker are for the most part very similar. Overall, there is quite strong sequence conservation between KcsA and the pore domain of the (Figure 9 ). The same trend was observed when the analysis was performed using free energy val-(G397 and G406), the mutation introduces the largest possible side chain where there was originally only a ues (⌬⌬G o ) that were not weighted by volume change hydrogen atom. Thus, taking into consideration the the voltage-sensing domains. When the ten minor imdrastic nature of these mutations, the most likely conclupact mutants are mapped onto the KcsA structure, it is sion is that none of these residues participates in a evident that these residues tend to cluster together, dynamic interface with the voltage-sensing domains.
spiraling down the side of the pore domain shell (FigFor F401A and F402A , while there was a component of ure 6A). the voltage-activation relations that was relatively wild Why are the gating properties of the Shaker K ϩ chantype, there was other evidence that these mutants were nel relatively insensitive to mutation of residues in the not normal ( Figure 5 ). For both mutants, gating currents minor impact cluster? Hypothetically, the minor impact were observed that were of a size similar to those of residues could be involved in protein-protein interacthe first component of ionic current, and there was a tions that do not change during gating. This possibility second component of ionic current observed at more seems remote because one would have to posit predepolarized voltages. However, for these two mutants, cisely balanced perturbations for all conformational the Q-V relations were similar to the wild-type channels, states of the channel in the context of quite large suggesting that movement of the voltage sensors is changes in side chain volume. More likely, residues in relatively unaltered. We conclude that F401 and F402 the minor impact cluster either interface directly with are most likely not located at a dynamic interface with membrane lipids, like the corresponding residues in KcsA, or they line water-filled crevices located between the pore and the voltage-sensing domains. While our results do not rigorously distinguish between these two possibilities, there are several reasons to think that the minor impact residues interact with lipid. First, in Shaker, most of the minor impact residues have hydrophobic side chains (4F, 1W, 1L, 1V, 1A, and 2G), suggesting that they interact with a similarly hydrophobic solvent. Second, while there is significant sequence variability at the minor impact residue positions between different voltage-gated K ϩ channels, an observation consistent with exposure to solvent (Hong and Miller, 2000), they tend to be hydrophobic, and this tendency is the same in both voltage-gated K ϩ channels and the KcsA K ϩ channel. This suggests that minor impact residues in 
